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Co-evolution of rat TAP transporters and MHC class I RT1-A
molecules
E. Joly*, A-F. Le Rolle*, A.L. González*, B. Mehling†, J. Stevens*, W.J.
Coadwell*, T. Hünig†, J.C. Howard‡ and G.W. Butcher*
The genes for rat major histocompatibility complex
(MHC) class I molecules are associated either with
those for the A allele of the transporter associated with
antigen processing (TAP-A), which can transport
peptides with basic carboxy-terminal residues, or with
those for TAP-B, which cannot [1–5]. To explore
whether these associations have a functional basis, we
compared the sequences of 13 rat MHC class Ia RT1-A
cDNAs from nine MHC haplotypes. Of seven TAP-A-
linked RT1-A molecules, six possess strongly acidic F
pockets, and these bind a high proportion of peptides
with basic carboxy-terminal residues. The F pockets of
TAP-B-linked molecules, by contrast, were more basic.
Furthermore, we identified six positions at the ‘right-
hand end’ of the peptide-binding groove, at which a
majority of TAP-B-linked molecules diverge from the
consensus sequence for class Ia molecules whereas, at
these positions, all the TAP-A-linked molecules reflect
the consensus sequence. Our results suggest that the
linked rat class Ia and TAP genes have co-evolved to
maximize the supply of appropriate peptides to the
presenting molecules.
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Results and discussion
Among laboratory rat strains, 14 standard RT1-A regions
have been characterised, several of which were isolated
from independent sources. Seven allelic RT1-A regions are
found linked to TAP-A, and seven to TAP-B [5]. To explain
why the restrictive TAP-B transporter should have been
maintained at an apparently high frequency in the rat, we
hypothesised that TAP-B-linked class Ia molecules would
have peptide-binding features adapted to the transport
characteristics of TAP-B [5]. We have therefore under-
taken the cloning of cDNAs for several class Ia molecules
using an expression cloning method based on reverse tran-
scription followed by polymerase chain reaction (RT–PCR)
[6]. We have obtained 10 new class Ia clones (see Materials
and methods), and have fully accredited them as ‘classical’
class Ia molecules in expression studies. These, together
with the previously reported RT1-Aa, RT1-Al and RT1-Ab
[7–9], represent a collection of seven RT1-A sequences
genetically linked to TAP-A and six linked to TAP-B. The
two groups differ most strikingly in the overall charge of
the F pocket, which accommodates the carboxy-terminal
residue of the bound peptide. The residues of the α chain
that line this pocket in the known structures of HLA and
H-2 class I molecules are at positions 77, 80, 81, 84, 116,
123, 143, 146 and 147, of which only 77, 80 and 116 are
usually polymorphic [10]. At position 80, a single conserva-
tive substitution T→N (in single letter amino acid code)
was found in RT1-Al. It has been suggested, however, that
the polymorphic residue 97 may influence the charge of
the F pocket [2,11]. For instance, the rat RT1-Aa molecule
exhibits a specificity for peptides with carboxy-terminal
arginine residues that is far more marked than that of
HLA-B2705 [2], despite the fact that the two molecules
have identical residues at the nine positions listed above.
Six of the seven TAP-A-linked RT1-A molecules have
acidic F pockets (Table 1). Four have the same triad of
acidic residues as RT1-Aa, whereas two others, RT1-A2f
and RT1-Ag, have aspartic acid residues at 77 and 116 and
a hydrophobic valine at 97. At present, we have no good
explanation for why RT1-Al, which stands out as an
exception, is consistently linked with TAP-A in several
RT1l variant haplotypes and never with TAP-B [5]. In con-
trast to the TAP-A-linked group, the F pockets of the
TAP-B-linked RT1-A molecules are more basic. Even
RT1-A2n, with aspartic acid residues at positions 77 and
116, has an arginine at position 97 that probably influences
the overall charge of the F pocket. The statistical signifi-
cance for 6/7 versus 1/6 using Fisher’s exact test is
p = 0.029, and for 6/7 versus 0/6 is p = 0.0047 (if the F
pocket of A2n is not considered to be acidic).
The proportion of peptides bound to MHC class Ia mol-
ecules and ending with basic residues was measured in
several rat MHC haplotypes using an anhydrotrypsin affin-
ity matrix [2] The results (Figure 1) confirmed our previous
observation [2] that TAP allelism has a dramatic influence
on the proportion of peptides with basic carboxyl termini
bound by the RT1-Aa molecule (around 70% with TAP-A
compared with 35% with TAP-B in this experiment). Of
the peptides eluted from rat haplotypes RT1o, RT1f and
RT1g, the class Ia molecules of which were predicted to
possess acidic F pockets, 45–60% bound to anhydrotrypsin.
By contrast, and as predicted, no detectable portion of the
peptides eluted from RT1-Al bound to anhydrotrypsin. In
cells from PVG.R23 rats (an MHC recombinant strain
where RT1-Au is associated with TAP-A), the proportion
of anhydrotrypsin-binding peptides was also very low,
although slightly higher than in cells expressing RT1-Au
and TAP-B. For other molecules available only with the
restrictive TAP-B transporter, analysis of peptides would
have been uninformative: however, we have recently
obtained ‘unbiased’ peptide anchor motifs for RT1-Au and
RT1-A1c, both naturally associated with TAP-B, using
class I assembly in vitro with random synthetic peptide
libraries [12]. RT1-Au exhibited a preference for a tyrosine
residue at the carboxy-terminal anchor (P9) of the peptide,
whereas RT1-A1c showed strong preferences for hydropho-
bic residues at both P8 and P9.
Comparison of the protein sequences of the α chains also
revealed certain features that were specific to the TAP-B-
linked molecules. The alignment of protein sequences
can be found in Supplementary material. In addition to
residue 77, which has been discussed above, there are six
other positions (81, 82, 114, 141, 143 and 150) where a par-
ticular amino acid is present in at least 50% of the TAP-B-
linked sequences, but not in members of the
TAP-A-linked group. Another remarkable variation is
leucine at position 147 in RT1-Au and RT1-A1c. This
position is occupied by a tryptophan in almost all other
mammalian class Ia molecules. Remarkably, these seven
differences all occur on the right-hand side of the peptide-
binding groove (Figure 2). 
We then compared the residues in RT1-A sequences at
the positions listed above to those encountered in mouse
class Ia sequences to try to identify which of these
residues had evolved away from those found in the
mouse/rat ancestor. The residues that were not found in
any of the mouse class Ia molecules we examined (those
found in [13,14]) were E97 and D116 in the TAP-A-linked
group, and R141, S143 and D150 in the TAP-B-linked
group. Innovative changes, therefore, seem to have
occurred both in the F pocket of the TAP-A-linked group,
and in the right-hand portion of the α2 helix in the TAP-
B-linked group. Remarkably, L147 is found in only one
mouse sequence, the pseudogene K1k, consistent with
Hughes’ claim [15] that rat class Ia sequences are more
closely related to H-2K1 than to H-2K. 
The residues T143 and W147 are directly involved in
locking the carboxyl terminus of the bound peptide deep
into the groove of most mammalian class Ia molecules
[10]. In four TAP-B-linked molecules, one or both of these
residues are replaced by serine or leucine, suggesting that
TAP-B-linked molecules may have evolved to accommo-
date specific hydrophobic residues at this position or,
alternatively, to allow the carboxyl terminus of the peptide
to overhang the end of the binding groove. The observa-
tion that TAP-B is more proficient at transporting longer
peptides would be consistent with the latter idea [4],
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Table 1
Comparison of polymorphic residues that influence the charge
of the F pocket in RT1-A molecules.
RT1-A class I Residue Residue Residue
Haplotype molecules 77 116 97
RT1a Aa D D E
RT1o A1o D D E
A2o D D E
RT1l Al S D R
RT1f Af D D E
A2f D D V
RT1g Ag D D V
RT1u Au N D V
RT1c A1c N F E
A2c S Y R
RT1n A1n N Y R
A2n D D R
RT1b Ab D H E
Acidic residues are shown in bold, and basic residues in italic. MHC
haplotypes a, o, l, f and g carry TAP-A; u, c, n and b carry TAP-B [5].
Figure 1
MHC class I molecules with strongly acidic F pockets bind mainly
peptides ending with basic carboxy-terminal residues. An anhydrotrypsin
column was used to separate peptides with basic carboxy-terminal
residues from the rest of the pool of radiolabelled peptides eluted from
immunoprecipitated MHC class I molecules. Squares represent
concanavalin A (Con A)-activated spleen blasts, diamonds Con A-
activated lymph node blasts, and circles Con A-activated blasts revived
from liquid nitrogen stocks. Unshaded symbols, haplotypes expressing
TAP-A; shaded symbols, haplotypes expressing TAP-B. The
percentages are not corrected for non-specifically immunoprecipitated
counts. We estimate that maximal binding is around 84% and minimal
binding around 4% (these are shown as vertical broken lines).
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although this observation was not confirmed in another
study [16]. Mutations at position 132 and 134 of human
HLA-A2.1 impair its interaction with human TAP [17]
and these residues are located at the right-hand end of the
binding groove, just underneath the stretch of the α2 helix
comprising residues 140–150. Therefore, the ‘innovative’
mutations found in TAP-B-associated class Ia molecules
map to the region where RT1-A and TAP interact. This
suggests that the product of the TAP-B allele could inter-
act more efficiently with the RT1-A molecules it is natu-
rally associated with. Alternatively, it could be resistant to
inhibition by viral proteins.
Next, we performed homology comparisons on the aligned
DNA sequences (Figure 3). First, we compared exons 5–8,
which encode the transmembrane and intracytoplasmic
portions (TM/IC) of the class Ia α chains and are not
directly subject to the selective pressures of antigen
binding and presentation. In support of this, and in agree-
ment with previous observations for HLA molecules [18],
we found that the rate of non-synonymous substitutions
was higher in the sequences coding for the α1–α2 co-
domain than in the rest of the molecule (data not shown).
As was seen for HLA-A and HLA-B [19], the sequences in
the TM/IC region fall into two distinct clusters and, in
haplotypes in which two molecules are found, one mol-
ecule comes from each cluster. We conclude that these
groups correspond to two different loci, which we call A1
and A2 [20]. The H-2K region of the mouse MHC har-
bours two class Ia loci, of which the H-2K1 pseudogene is
closer to rat class Ia sequences [15]. These may corre-
spond to the rat A1/A2 pair, but so far we have found no
sequence similarities that would evoke a pairwise evolu-
tionary correspondence between RT1-A1 and H-2K1 and
RT1-A2 and H-2K (or vice versa). 
For the sequences encoding the α1–α2 co-domain, we
performed separate analyses on the sequences that
encode the left-hand side (residues 1–71) and the right-
hand side (residues 72–160) of the groove (Figure 3). In
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Figure 2
The divergent residues in TAP-B-linked RT1-A molecules are all situated
to the right-hand end of the peptide-binding groove. Residues 77, 97
and 116 are in red colours. The seven positions where prominent
variants are found only in TAP-B-linked RT1-A molecules are in blue
colours. The darker blue and red residues are those where innovative
changes were found when compared to mouse class Ia sequences (see
text). Positions 132 and 134, which are mutated in variants of HLA-A2.1
that have an impaired association to TAP, are in green. Residues 1–71,
defined as the left-hand side region for the phylogenetic comparisons in
Figure 3, are in dark grey. The right-hand side, encompassing residues
72–160, is in yellow. The structure modelled is RT1-Aa.
Figure 3
Homology comparisons of the DNA regions
(comprising the indicated nucleotides, nt)
coding for various regions of RT1-A
molecules. RT1-A molecules linked to TAP-A
are shown in bold, and those linked to TAP-B
are in italic. Branch lengths are based on
maximum likelihood distances, and all
significant support values (that is, of 70% and
above) are indicated on the relevant branches.
The scale under each tree represents a
maximum likelihood distance of 0.1. The
overall average for distances was 7% for
exons 5–8, 15% for the left-hand side and
11% for the right-hand side of the peptide-
binding groove.
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the comparison of sequences for the left-hand side, four
A2 alleles cluster together, as was seen with exons 5–8. In
the comparison of the sequences for the right-hand side,
the clustering into A1 and A2 is completely lost. By con-
trast, four TAP-B-linked RT1-A molecules (shown in
italic type) form one closely related group and five TAP-
A-linked molecules (shown in bold type) form another.
The right-hand side sequences therefore appear to have
evolved differently from the rest of the molecule, most of
the differences being due to the TAP-related modifica-
tions discussed above. 
The co-evolution of TAP transport specificity and of the
peptide requirements of class Ia molecules is not unique
to the rat: human TAP can provide peptides ending with
charged residues, and around 25% of HLA molecules can
accommodate peptides containing a basic carboxy-termi-
nal residue [21], whereas mouse TAP cannot transport
peptides with charged carboxy-terminal residues, and all
the carboxy-terminal anchor residues reported for mouse
class Ia molecules are nonpolar or hydrophobic [21].
Unlike the arrangement in mouse and humans, the class
Ia genes of the rat are located in a single region of the
MHC, close to the region carrying the TAP genes [20].
We believe that this proximity may have favoured co-evo-
lution of these two sets of genes, leading to functionally
optimal cis pairing. Our findings so far do fit with our
initial hypothesis that TAP-B is better suited than TAP-A
to serve the class Ia molecules with which it is linked.
Further work should identify the precise biochemical
process(es) that TAP-B performs better than TAP-A, and
explain why TAP-B is maintained in the rat population at
a high frequency.
Materials and methods
All the sequences used in this paper are classical class Ia sequences,
as defined by high levels of homology, high levels of expression in vivo,
and extensive serological characterisation (using panels of xeno- and
allospecific monoclonal antibodies). These sequences are available
from the EMBL nucleotide database with the following accession
numbers: RT1-Aa : M31018 [7]; RT1-Al: L26224 [8] (this sequence
needs to be corrected by insertion of a GG dinucleotide at position
1073–1074); RT1-Ab: U38970 [9]; RT1-Au: X82106 [6]; RT1-.A1c:
X90370; RT1-A2c: X90371 [20]; RT1-A1n: X90375; RT1-A2n:
X90376 (A.L.G., unpublished); RT1-A1o: X90373; RT1-A2o: X90372
(A.L.G., unpublished); RT1-Af: Y14014; RT1-A2f: Y13579 (B.M. and
A.F.L.R., unpublished); RT1-Ag: Y08532 (A.F.L.R., unpublished). The
proportion of peptides with basic carboxy-terminal residues was mea-
sured by differential binding to an anhydrotrypsin affinity matrix of radio-
labelled peptides eluted from class Ia molecules after these had been
immunoprecipitated by the monoclonal antibody F16.4.4 [22]. The
detailed protocol can be found in Supplementary material. All sequence
analyses and alignments were performed using the UW-GCG package.
The DNA alignments on which the phylogenetic analyses were based,
and the protein alignments are given in Supplementary material. 
Supplementary material
Alignments of protein sequences for α chains of various RT1-A mol-
ecules and DNA sequences are given in Figures S1 and S2 of the Sup-
plementary material published with this paper on the internet, which
also includes the detailed protocol for the anhydrotrypsin affinity assay.
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Materials and methods
Elution of radiolabelled peptides
Measurements of the proportion of class I bound peptides with basic
carboxy-terminal residues were performed using concanavalin A (Con
A)-activated lymphoblasts from the following rat strains: PVG.R1
(RT1-Aa/TAP-B), PVG.R19 (RT1-Aa/TAP-A), RT1o stock (RT1-A1o +
RT1-A2o/TAP-A), LEW.1F (RT1-Af + RT1-A2f/TAP-A); NEDH (RT1-
Ag/TAP-A); PVG.R23 (RT1-Au/TAP-A); PVG-RT1u (AO)(RT7b)
(RT1-Au/TAP-B). In our hands so far, Con A-activated lymphoblasts are
the only cells that express sufficient levels of class I molecules for a sat-
isfactory signal-to-noise ratio when measuring radiolabelled peptides
from immunoprecipitated class I molecules for direct anhydrotrypsin
analysis. Five million freshly isolated cells were used after 24 h of
culture in the presence of Con A (5 µg/ml) wherever possible. For
LEW.1F and NEDH, frozen Con A blasts were used 6 h after thawing.
Cells were radiolabelled overnight with 250 µCi 35S[TranslabelTM]
(ICN), with an average incorporation of 50%. After washing by centrifu-
gation, cells were lysed in 1% NP-40, 150 mM NaCl, 10 mM Tris pH
7.5, 2 mM phenylmethylsulphonylfluoride (PMSF). Nuclei were pelleted
by centrifugation at 13,000 × g for 10 min. The cleared lysates were
pre-adsorbed on rat serum conjugated to CNBr-activated agarose
(Pharmacia) at 4°C for 75 min, and class I molecules were immunopre-
cipitated by F16.4.4 conjugated to CNBr-activated agarose at 4°C for
75 min. F16.4.4 is a mouse γ1 monoclonal antibody which specifically
recognises most rat class Ia molecules (apart from RT1-A1c) [1,2]. The
matrix was washed four times with lysis buffer, and finally once with
buffer without NP-40. MHC class I molecules and peptides were then
eluted by treatment with 10% (v/v) acetic acid for 5 min at room tem-
perature. The supernatant was collected and peptides were separated
from the class I heavy and light chains using ultrafiltration through
microcon 3 filters (Amicon). The heavy and light chains (retained in the
upper compartment) were washed once with 150 mM Tris pH 8.5, and
analysed by SDS–PAGE and autoradiography to ensure that all
immunoprecipitations had worked with comparable efficiency and
purity. 
Peptides were dried down in a savant evaporator, resuspended in
500 µl anhydrotrypsin binding buffer (0.05 M sodium acetate pH 5.0),
and applied to the top of a 1 ml anhydrotrypsin–agarose column
(Pierce). The column was washed with 500 µl binding buffer and then
with a further 4 ml binding buffer and the resulting 5 ml, containing the
peptides that did not bind to anhydrotrypsin, were collected in a single
tube. Bound peptides were eluted with 500 µl and then 4.5 ml elution
buffer (0.1 M formic acid pH 2.5), and the total 5 ml collected in a
single tube. The radioactivity in the ‘flow-through’ and ‘bound’ fractions
was measured twice on 1 ml and 3 ml samples, with essentially identi-
cal results for the ratio of bound peptides. On average, the total eluted
fractions contained 3000 to 4000 cpm. We estimate that nonspecifi-
cally immunoprecipitated counts amount to around 20% of these, of
which 80% do not bind to anhydrotrypsin (this was measured in a pilot
experiment on two samples immunoprecipitated with rat-serum
coupled to agarose). Maximal measured binding is thus expected to be
around 80% and minimal binding around 4%. Finally, it should be
noted that for NEDH, which is now unavailable in the UK, 106 cells
from a frozen sample were used, and the lysate further divided in half to
obtain duplicate samples. As expected, this yielded much lower counts
than for the other haplotypes, and results provided for this strain can
therefore only be considered as indicative.
The molecular model of RT1-Aa shown in Figure 2 as generated by the
internet SWISS model server (http://expasy.hcuge.ch/swissmod/
SWISS-MODEL.html) from the translated protein sequence including
residues 1–272. The software Rasmol (freeware written by Roger
Sayle) was then used to visualise residues 1–180 using the coordi-
nates obtained. 
The DNA homology comparisons were performed using the program
‘Puzzle’ on the remote HGMP server (telnet://menu.hgmp.mrc.ac.uk) at
Hinxton Hall, Cambridge, UK. This method, which uses the quartet
maximum likelihood method, computes distances by maximum likeli-
hood and yields support values for the various branches of the resulting
tree [3]. Files of multiple alignment of the DNA sequences for the
various regions were generated as follows: exons 5–8 (transmembrane
and intracytoplasmic parts of the class I molecule) 823–1047; ‘right-
hand side’ 1–213; ‘left-hand side’ 214–480. The region coding for the
α3 domain was not included because of its extremely high degree of
conservation (see Figure 2 of paper). For each region, 3000 puzzling
steps were performed, using the option for the HKY model of substitu-
tion, and the rate of heterogeneity was estimated over eight categories.
The sequence alignments in GCG format can be obtained from E. Joly. 
The resulting trees were drawn using the freeware package Treeview
(written by Roderic D.M. Page, IBLS, University of Glasgow, UK.). This
software can be obtained from:
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html
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Figures S1 and S2 are on following pages, S2–S8.
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TAP-A-linked sequences are on the top seven lines, and TAP-B-linked
sequences on the next six lines. The consensus sequence is shown at
the bottom. ‘-’ denotes agreement with this consensus. ‘.’ denotes a
gap. Residues D77, E97 and D116, which line the F pocket, are
indicated in red in the consensus. At positions 81, 82, 114, 141, 143,
147 and 150, those residues that were found to be prominent in
TAP-B-linked sequences and absent from all TAP-A-linked ones are
shown in blue over an underlined consensus.
S2 Supplementary material
Figure S1
Alignment of protein sequences for mature RT1-A a chains
1                                                                                               90
Al ----m---di ---------- ---s-----h -----f---- ---------p -------d-- -----k--g- --n---s--n ---------- 
Aa ---------- ---------- -f-a------ -----f---- ----m----- ---------- -qq-r----w --i------- ---------- 
Af ---------- ---------- -f-a------ -----f---- ----m----- ---------- -e------gh --i------- ---------- 
A2o ---------i ---------- --m------- -q-------- ---------- ---------- -----g---g --i------- ---------- 
A2f ---------- ---------- --m------- -q-------- ---------- ---------- -e---k---g --i------- ---------- 
A1o ---------- ---------- --m------- -----f---- ----m---vq -i-------- -----n---- ---------- ---------- 
Ag --------l- ---------- wf-i------ ---------- ----m---vq -i-------- -eq--r--gh ---n------ ---------- 
Au --------l- ---------- -f-a------ ---------- ----m----- ---------- -----g--gh ---n--n--- ---------- 
Ab ---------- ---------- -f-s------ ---------- ---------- ---------- -qq-r----- ---n------ ---------- 
A1n ----m---di ---------- -f-i------ -----f---- -k-------p ---p------ -eq-rr---g --tf--n--- alh------d 
A1c --------di ---------- ---s------ ---a------ --r--q---- ---------- --n-p-y-gk --tf--n--- ---------- 
A2n --------v- ---------- --m------- -q-------- ---------p ---------- -----n--r- ---------- alr------- 
A2c --------e- ---------- --m------- -q-------- --------vq -i-------- --n-r----- --n---s--- alh------- 
Con GSHSLRYFYT AVSRPGLGEP RYIEVGYVDD TEFVRYDSDA ENPRYEPRAR WMEREGPEYW ERETQIAKEN EQVYRVDLRT LRGYYNQSEG 
77         
91                                                                                             180
Al ------r--- ----t----- ---------- ---------- ---------- -------d-- -v-------- ---------- ---h------ 
Aa ---------- ---------- ---------- ---------- ---------- ---------- r--------- --------s- ---------- 
Af ---------- ---------- ---------- ---------- ---------- ---------- r--------- ------s--- ---------- 
A2o ---------- ---------- ---------- ---------- ---------- ---------- r--------- ------s--- ---------- 
A2f ------v--- ---------- ---------- ---------- ---------- --------qt ---------- ---------- ---------- 
A1o ---------- ---------- ---------- ---------- ---------- ---------- r--------- q--------- ---------- 
Ag ------v-f- ----t-w--- ---------- ---------- ---------- ----s--dq- -d-dyyk--- --e---g--- ---h---r-- 
Au ------v-f- ----t-w--- ---------- ---------- ---------- ------l--d -d-dyyk--- ----l-s--- -------r-- 
Ab --------f- ---------- ---e-h---- ---------- ---------- ----s----- r--------- ---------- ---h------ 
A1n r-----rls- -------r-- ---e-y---- ---------- ---------- r-s----dq- -v-------- --e------- ---------- 
A1c ---------- ---------- ---e-f---- ---------- ---------- r-s---l--d -f-dlh---- --e---s--- ---------- 
A2n ------r--- --m------- ---y------ ---------- ---------- ----s--dq- -v-------- ---------- ---------- 
A2c ------r--- ---------- ---e-y---- ---------- ---------- r-s------d -v---s---v ------s--- ---h---mv- 
Con GSHTIQEMYG CDVGSDGSLL RGYRQDAYDG RDYIALNEDL KTWTAADFAA QITRNKWERA GYAERLRAYL EGTCVEWLRR YLELGKETLL 
97                   116                                                  
181                                                                                             270
Al -l---k---- ---------- ---------- ---s-s---- ---------- ---------- ---------- ---------- ---------- 
Aa ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- -------k-- 
Af ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- -------k-- 
A2o ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
A2f ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
A1o -----k---- ---------- ---------- ---s-s---- ---------- ---------- ---------- ---------- ---------- 
Ag -----k---- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
Au ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------l ---------- 
Ab -----k---- p--------- ---------- ---s-s---- ---------- ---------- ---------- ---------- ---------- 
A1n -----k---- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
A1c -----k---- ---------- ---------- ---------- ---------- ---------- ---------- ---------- -------k-- 
A2n ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
A2c ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
Con RSDPPEAHVT LHPRPEGDVT LRCWALGFYP ADITLTWQLN GEDLTQDMEL VETRPAGDGT FQKWASVVVP LGKEQNYTCR VEHEGLPEPL 
271                                                                               349
Al t------l-- ------y--- ---------a --.--a---- ------k--- ---.------ ---------- --------*
Aa ---------- ---------- -i-----m-- -------m-- -----.k--- -------a-- ---------- --------*
Af ---------- ---------- -i-----m-- -------m-- -----.k--- ---.---a-- ---------- --------*
A2o ---------- n--------- -----..--- tl----i--- -----.---- -----n-a-- ---------- --------*
A2f ---------- n--------- -----..--- tl----i--- -----.---- ---.------ ---------- --------*
A1o -------l-- ---------- ---------a --.------- ---k-.---- ---.------ ---------- --------*
Ag ------p--- ---------- ---------a --.------- -----.---- ---.------ --t------- --------*
Au ---------- n-----n--- -----..--- tl----i--- ---k-.---- ---.---a-- ---------- --------*
Ab -------l-- ------y--- ---------a --.--a---t -----.---- -----v---- ---------- --------*
A1n ------p--- ---------- ---------a --.------t ---k-.---- ---.-v---- --t------- --------*
A1c -------l-- e-----y--- i--------a --.----l-- ---k-.---- ---.-v---- ---------- --------*
A2n ---------- n--------- -----..--- tl----i--- ---k-.---- ---.------ ---------- --------*
A2c ---------- n--------- -----..--- tl----i--- -----.---- ---.-v---- ---------- --------*
Con SQRWEPSPST DSNMETTVIY VVLGAVAIIG AVAIIGAVVA VVRRRRRRNT GGKGGDYTPA PGRDSSQSSD VSLPDCKA-
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Figure S2
Alignment of DNA sequences coding for mature RT1-A a chains
1                                                              60
Al -----t---- --a------- ----g---t- ---------- ---------- ---------- 
Aa ---------- ---------- ---------- ---------- ---------- ---------- 
Af ---------- ---------- ---------- ---------- ---------- ---------- 
A2o ---------- ---------- --------t- ---------- ---------- ---------- 
A2f ---------- ---------- ---------- ---------- ---------- ---------- 
A1o ---------- ---------- ---------- ---------- ---------- ---------- 
Ag ---------- ---------- ----ct---- ---------- ---------- ---------- 
Au ---------- ---------- ----ct---- ---------- ---------- ---------- 
Ab ---------- --t------- ---------- ---------- ---------- ---------- 
A1n -----t---- --a------- ----g---t- ---------- ---------- ---------- 
A1c ---------- ---------- ----g---t- ---------- ---------- ---------- 
A2n -----t---- ---------- ----gt---- ---------- ---------- ---------- 
A2c ---------- ---------- ----g-a--- ---------- ---------- ---------- 
Con GGCTCACACT CGCTGCGGTA TTTCTACACC GCCGTGTCCC GGCCCGGCCT CGGGGAGCCC 
61                                                            120
Al ---------t ---------- -------c-- ---------- ------t--- ---------- 
Aa ----t----- ---------- ---------- ---------- ------t--- ---------- 
Af ----t----- ---------- ---------- --c------- ------t--- ---------- 
A2o --------g- aa--g----- ---------- ---c------ ---------- ---------- 
A2f --------g- aa--g----- ---------- ---c------ ---------- ---------- 
A1o --------g- aa-------- ---------- ---------- ------t--- ---------- 
Ag t---t---ta tc-------- ---------- ---------- ---------- ------t--a 
Au ----t----- ---------- ---------- ---------- ---------- ------t--a 
Ab ----t----t ---------- ---------- ---------- ---------- ---------- 
A1n ----t---ta tc-------- ---------- ---------- ------t--- ---------- 
A1c ---------t ---------- ---------- ---------- c--------- ---------- 
A2n --------g- aa--g----- ---------- ---c------ ---------- ------t--a 
A2c --------g- aa--g----- ---------- ---c------ ---------- ---------- 
Con CGGTACATCG CTGTCGGCTA CGTGGACGAC ACGGAGTTCG TGCGCTACGA CAGCGACGCG 
121                                                           180
Al ---------- ---------- --------c- ---------- ---------- ---c------ 
Aa ---------- -gatg----- ---------- ---------- ---------- ---------- 
Af ---------- -gatg----- ---------- ---------- ---------- ---------- 
A2o ---------- ---------- ---------- ---------- ---------- ---------- 
A2f ---------- ----t----- ---------- ---------- ---------- ---------- 
A1o ---------- -gatg----- -----t--a- -----a---- ---------- ---------- 
Ag ---------- -gatg----- -----t--a- -----a---- ---------- ---------- 
Au ---------- -gatg----- ---------- ---------- ---------- ---------- 
Ab --------a- ---------- ---------- ---------- ---------- ---------- 
A1n -----a---- ---------- --------c- ---------- c--------- ---------- 
A1c -------g-- -----c---- ---------- ---------- ---------- ---------- 
A2n ---------- ---------- --------c- ---------- ---------- ---------- 
A2c ---------- ---------- -----t--a- -----a---- ---------- ---------- 
Con GAGAATCCGA GATACGAGCC GCGGGCGCGG TGGATGGAGC GGGAGGGGCC GGAGTATTGG 
continued
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181                                                            240
Al ---a------ ------aa-- -----g---- -------a-- --------ag --------at 
Aa ----a-c--- ---g------ -------tgg ---------- ---------- ---------- 
Af ---ga----- ---------- -----g-c-- ---------- ---------- ---------- 
A2o ---------- -g---gga-- -------gg- ---------- ---------- ---------- 
A2f ---ga----- ------aa-- -------gg- ---------- ---------- ---------- 
A1o ---a------ ------a--- ---------- ------g--- ---------- ---------- 
Ag ---ga-c--- ------ga-- -----g-c-- ------g-ga ---------- ---------- 
Au ---------- -g---gga-- -----g-c-- ------g-ga --------a- ---------- 
Ab ----a-c--- ---g------ ---------- ------g-ga ---------- ---------- 
A1n ---ga-c--- ---g--ga-- -------gg- -------c-- t-------a- ---------- 
A1c ---a--a-c- ---c----ta -----g---g -------c-- t-------a- ---------- 
A2n ---a------ -c----a--- ----ag---- ------g--- ---------- ---------- 
A2c ------a-c- ---g------ ---------- -------a-- --------ag ---------- 
Con GAGCGGGAGA CACAGATCGC CAAGGAAAAC GAGCAGATTT ACCGAGTGGA CCTGAGGACC 
241                                                           300
Al ---------- ---------- ---------- ---------- --------ag ---------- 
Aa ---------- ---------- ---------- ---------- ---------- ---------- 
Af ---------- ---------- ---------- ---------- ---------- ---------- 
A2o ---------- ---------- ---------- ---------- ---------- ---------- 
A2f ---------- ---------- ---------- ---------- ---------t ---------- 
A1o ---------- ---------- ---------- ---------- ---------- ---------- 
Ag ---------- ---------- ---------- ---------- ---------t -----t---- 
Au ---------- ---------- ---------- ---------- ---------t -----t---- 
Ab ---------- ---------- ---------- ---------- ---------- -----t---- 
A1n gc--t-ca-- ---------- --------a- c--------- --------ag at---c---- 
A1c ---------- ---------- ---------- -----g---- ---------- ---------- 
A2n gc--t-c--- ---------- ---------- ---------- --------ag ---------- 
A2c gc--t-ca-- ---------- ---------- ---------- --------ag ---------- 
Con CTGCGCGGCT ACTACAACCA GAGCGAGGGC GGCTCTCACA CCATCCAGGA GATGTATGGC 
301                                                           360
Al ---------- --a------- ---------- ---------- ---------- ---------- 
Aa ---------- ---------- ---------- -----a---- ---------- ------t--- 
Af ---------- ---------- ---------- -----a---- ---------- ------t--- 
A2o ---------- ---------- ---------- -----a---- ---------- ---------- 
A2f ---------- ---------- ---------- -----a---- ---------- ------t--- 
A1o ---------- ---------- ---------- ---------- ---------- ---------- 
Ag ---------- --a-----t- ---------- -----a---- ---------- ---------- 
Au ---------- --a-----t- ---------- -----a---- ---------- ---------- 
Ab ---------- ---------- ---------- ---------g a----c---- ---------- 
A1n ---------- ---------- ---g------ ---------g a----t---- ------t--- 
A1c ---------- ---------- ---------- ---------g a----tt--- ---------- 
A2n ------a--- ---------- ---------- ---------t at-------- t--------- 
A2c ---------- ---------- ---------- ---------g a----t---- ---------- 
Con TGTGACGTGG GGTCGGACGG GAGCCTCCTC CGCGGGTATA GGCAGGACGC CTACGACGGC 
361                                                           420
continued
Al ---------- ---------- ---------- ---------- ---------- ---------- 
Aa ---------- ---------- ---------- ---------- ---------- ---------- 
Af ---------- ---------- ---------- ---------- ---------- ---------- 
A2o ---------- ---------- ---------- ---------- ---------- ---------- 
A2f ---------- ---------- ---------- ---------- ---------- ---------- 
A1o ---------- ---------- ---------- ---------- ---------- ---------- 
Ag ---------- ---------- ---------- ---------- ---------- ------t--- 
Au ---------- ---------- ---------- ---------- ---------- ------t--- 
Ab ---------- ---------- ---------- --a------- ---------- ---------- 
A1n ---------- ---------- ---------- --a------- ---------- ---------- 
A1c ---------- ---------- ---------- --a--c---- ---------- ---------- 
A2n ---------- ---------- ---------- --a------- ---------- ---------- 
A2c ---------- ---------- ---------- --a------- ---------- ---------- 
Con CGCGATTACA TCGCCCTGAA CGAAGACCTG AAGACGTGGA CGGCGGCGGA CTTTGCGGCA 
421                                                           480
Al ---------- ---------- ---t------ ---gt----- ---------- ---------- 
Aa ---------- ---------- ---------- c--------- ---------- ---------- 
Af ---------- ---------- ---------- c--------- ---------- ---------- 
A2o ---------- ---------- ---------- c--------- ---------- ---------- 
A2f ---------- ---------- -----a-a-- ---------- ---------- ---------- 
A1o ---------- ---------- ---------- c--------- ---------- ---------- 
Ag ---------- ---g------ ---t-a---- ---g------ -ttatta--a ---------- 
Au ---------- ---------t --------a- ---g------ -ttatta--a ---------- 
Ab ---------- ---g------ ---------- c--------- ---------- ---------- 
A1n -g----t--- ---------- ---t-a---- ---gt----- ---------- ---------- 
A1c -g----t--- ---------t --------a- ----t----- -cct--a--- ---------- 
A2n ---------- ---g------ ---t-a---- ---gt----- ---------- ---------- 
A2c -g----t--- ---------- --------a- ---gt----- -----ag--- -------g-- 
Con CAGATCACCC GGAACAAGTG GGAGCGGGCT GGTTATGCAG AGAGACTCAG GGCCTACCTG 
481                                                           540
Al ---------- -c-------- ---------- ---------- a--------- ---------- 
Aa ---------- ---------- ----a----- ---------- ---------- ---a------ 
Af ---------- -c-------c ---------- ---------- ---------- ---a------ 
A2o ---------- -c-------c ---------- ---------- ---------- ---a------ 
A2f ---------- ---------- ---------- ---------- ---------- ---------- 
A1o c--------- ---------- ---------- ---------- ---------- ---------- 
Ag ------ga-- --------g- ---------- ---------- a--------- --g------- 
Au ---------- -ct------c ---------- ---------- ---------- --g------- 
Ab ---------- -c-------- ---------- ---------- a--------- ---------- 
A1n ------ga-- ---------- ---------- ---------- ---------- ---------- 
A1c ------ga-- ---------c a--------- ---------- ---------- ---------- 
A2n ---------- -c-------- ---------- --------a- ---------- ---------- 
A2c ---------- ---------c a--------- ---------- a--------- --t-g----- 
Con GAGGGCACGT GTGTGGAGTG GCTCCGCAGA TACCTGGAGC TCGGGAAGGA GACGCTGCTG 
continued
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541                                                           600
Al ----t----- -----a---- ---------- ---------- ---------- ---------- 
Aa ---------- ---------- ---------- ---------- ---------- ---------- 
Af ---------- ---------- ---------- ---------- ---------- ---------- 
A2o ---------- ---------- ---------- ---------- ---------- ---------- 
A2f ---------- ---------- ---------- ---------- ---------- ---------- 
A1o ---------- -----a---- ---------- ---------- ---------- ---------- 
Ag ---------- -----a---- ---------- ---------- ---------- ---------- 
Au ---------- ---------- ---------- ---------- ---------- ---------- 
Ab ---------- -----a-a-- ---------- -c-------- ---------- ---------- 
A1n ---------- -----a---- ---------- ---------- ---------- ---------- 
A1c ---------- -----a---- ---------- ---------- ---------- ---------- 
A2n ---------- ---------- ---------- ---------- ---------- ---------- 
A2c ---------- ---------- ---------- ---------- ---------- ---------- 
Con CGCTCAGATC CCCCAGAGGC ACATGTGACC CTTCACCCCA GACCTGAAGG TGATGTCACC 
601                                                           660
Al ---------- ---------- ---------- ---------t ------g--- ---------- 
Aa ---------- ---------- ---------- ---------- ---------- ---------- 
Af ---------- ---------- ---------- ---------- ---------- ---------- 
A2o ---------- ---------- ---------- ---------- ---------- ---------- 
A2f ---------- ---------- ---------- ---------- ---------- ---------- 
A1o ---------- ---------- ---------- ---------t ------g--- ---------- 
Ag ---------- ---------- ---------- ---------- ---------- ---------- 
Au ---------- ---------- ---------- ---------- ---------- ---------- 
Ab ---------- ---------- ---------- ---------t ------g--- ---------- 
A1n ---------- ---------- ---------- ---------- ---------- ---------- 
A1c ---------- ---------- ---------- ---------- ---------- ---------- 
A2n ---------- ---------- ---------- ---------- ---------- ---------- 
A2c ---------- ---------- ---------- ---------- ---------- ---------- 
Con CTGAGGTGCT GGGCCCTGGG CTTCTACCCT GCTGACATCA CCCTGACCTG GCAGTTGAAT 
661                                                           720
Al ---------- ---------- ---------- ---------- ---------- ---------- 
Aa ---------- ---------- ---------- ---------- ---------- ---------- 
Af ---------- ---------- ---------- ---------- ---------- ---------- 
A2o ---------- ---------- ---------- ---------- ---------- ---------- 
A2f ---------- ---------- ---------- ---------- ---------- ---------- 
A1o ---------- ---------- ---------- ---------- ---------- ---------- 
Ag ---------- ---------- ---------- ---------- ---------- ---------- 
Au ---------- ---------- ---------- ---------- ---------- ---------- 
Ab ---------- ---------- ---------- ---------- ---------- ---------- 
A1n ---------- ---------- ---------- ---------- ---------- ---------- 
A1c ---------- ---------- ---------- ---------- ---------- ---------- 
A2n ---------- ---------- ---------- ---------- ---------- ---------- 
A2c ---------- ---------- ---------- ---------- ---------- ---------- 
Con GGGGAGGACC TGACCCAGGA CATGGAGCTT GTGGAGACCA GGCCTGCAGG GGATGGAACC 
continued
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721                                                           780
Al ---------- ---------- ---------a ---------- ---------- ---------- 
Aa ---------- ---------- ---------- ---------- ---------- ---------- 
Af ---------- ---------- ---------- ---------- ---------- ---------- 
A2o ---------- ---------- ---------- ---------- ---------- ---------- 
A2f ---------- ---------- ---------- ---------- ---------- ---------- 
A1o ---------- ---------- ---------- ---------- ---------- ---------- 
Ag ---------- ---------- ------a--- ---------- ---------- ---------- 
Au ---------- ---------- ---------- ---------- ---------- --------t- 
Ab ---------- ---------- ---------- ---------- ---------- ---------- 
A1n ---------- ---------- ------a--- ---------- ---------- ---------- 
A1c ---------- ---------- ---------- ---------- ---------- ---------- 
A2n --t------- ---------- ---------- ---------- ---------- ---------- 
A2c ---------- ---------- ---------- ---------- ---------- ---------- 
Con TTCCAGAAGT GGGCATCTGT GGTGGTGCCT CTTGGGAAGG AGCAGAATTA CACATGCCGT 
781                                                           840
Al ---------- ---------- ------g--- a--------- ---------- --t---c--- 
Aa ---------- ---------- -a-------- ---------- ----a----- ---------t 
Af ---------- ---------- -a-------- ---------- ----a----- ---------t 
A2o ---------- ---------- ---------- ---------- ---------- ---------- 
A2f ---------- ---------- ---------- ---------- ---------- ---------- 
A1o ---------- ---------- ------g--- ---------- ---------- --t---c--- 
Ag ---------- ---------- ---------- ---------- --------c- ------a--- 
Au ---------- ---------- ---------- ---------- ---------- ---------- 
Ab ---------- ---------- ------g--- ---------- ---------- --t---c--- 
A1n ---------- ---------- ---------- ---------- --------c- ------a--- 
A1c ---------- ---------- -a-------- ---------- ---------- --t---c--t 
A2n ---------- ---------- ---------- ---------- ---------- ---------- 
A2c ---------- ---------- ---------- ---------- ---------- ---------- 
Con GTGGAGCATG AGGGGCTGCC TGAGCCACTT TCCCAGAGAT GGGAGCCTTC TCCATCGACC 
841                                                           900
Al ---------- --------ta ---------- ---------- ---------- --------c- 
Aa ---------- ---------- ---------- ---a------ ---------- ---g------ 
Af ---------- ---------- ---------- ---a------ ---------- ---g------ 
A2o a--------- ---------- ---------- ---------- --......-- ---------- 
A2f a--------- ---------- ---------- ---------- --......-- ---------- 
A1o ---------- ---------- ---------- ---------- ---------- --------c- 
Ag --t------- ---------- ---------- --t------- ---------- --------c- 
Au a--------- ---------a ---------- ---------- --......-- ---------- 
Ab ---------- --------ta ---------- ---------- ---------- --------c- 
A1n --t------- ---------- ---------- --t------- ---------- --------c- 
A1c --g------- --------ta ---------- a--------- ---------- --------c- 
A2n a--------- ---------- ---------- ---------- --......-- ---------- 
A2c a--------- ---------- ---------- ---------- --......-- ---------- 
Con GACTCCAACA TGGAAACCAC TGTCATTTAT GTCGTCCTTG GAGCTGTGGC CATCATTGGA 
continued
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901                                                           960
Al ------...- ------c--- ---------- ---------- -----agg-a ---------- 
Aa ---------- ----a----- -a-------- ---------- -----...-a ---------- 
Af ---------- ----a----- -a-------- ---------- -----...-a ---------- 
A2o a--c------ --------at ---------- ---------- -----...-- ---------- 
A2f a--c------ --------at ---------- ---------- -----...-- ---------- 
A1o ------...- ---------- ---------- ---------- a----...-- ---------- 
Ag ------...- ---------- ---------- ---------- -----...-- ---------- 
Au a--c------ --------at ---------- ---------- a----...-- ---------- 
Ab ------...- ------c--- -------a-- ---------- -----...-- ---------- 
A1n ------...- ---------- -------a-- ---------- a----...-- ---------- 
A1c ------...- ---------- -c-------- ---------- a----...-- ---------- 
A2n a--c------ --------at ---a------ ---------- a----...-- ---------- 
A2c a--c------ --------at ---------- ---------- -----...-- ---------- 
Con GCTGTGGCCA TCATTGGAGC TGTGGTGGCT GTTGTGAGGA GGAGG---AG GAGAAACACA 
961                                                          1020
Al ---------. ..-------- ---------- ---------- ---------- ------c--- 
Aa ---------- ---------- -g-------- ---------- ---------- ------c--- 
Af -----a---. ..-------- -g-------- ---------- ---------- ------c--- 
A2o ---------- -----a---- tg-------- ---------- ---------- ---------- 
A2f ---------. ..-------- ---------- ---------- ---------- ---------- 
A1o ---------. ..-------- ---------- ---------- ---------- ------c--- 
Ag ---------. ..-------- ---------- -------c-- ---------- ---------- 
Au ---------. ..-------- -g-------- ---------- ---------- ---------- 
Ab ---------- ------t--- ---------- ---------- ---------- ------c--- 
A1n ---------. ..----t--- ---------- -------c-- ---------- ---------- 
A1c ---------. ..----t--- ---------- ---------- ---------- ------c--- 
A2n ---------. ..--t----- ---------- ---------- ---------- ---------- 
A2c ---------. ..----t--- ---------- ---------- ---------- ---------- 
Con GGTGGGAAAG GAGGAGACTA CACCCCTGCT CCAGGCAGGG ACAGCTCCCA GAGCTCTGAT 
1021                      1047
Al ---------- ---------- -------
Aa ---------- ---------- -------
Af ---------- ---------- -------
A2o ---------- ---------- -------
A2f ---------- ---------- -------
A1o ---------- ---------- -------
Ag ---------- ---------- -------
Au ---------- ---------- -------
Ab ---------- ---------- -------
A1n ---------- ---------- -------
A1c ---------- ---------- -------
A2n ---------- ---------- -------
A2c ---------- ---------- -------
Con GTGTCTCTCC CAGATTGTAA AGCATGA
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